1. In patients with chronic heart failure, heart rate variability is reduced with relative preservation of very-low-frequency power ( < 0.04 Hz). Heart rate variability has been measured without acceptable information on its stability and the optimal recording periods for enhancing this reproducibility. 2. To this aim and to establish the optimal length of recording for the evaluation of the very-low-frequency power, we analysed 40, 20, 10 and 5min ECG recordings obtained on two separate occasions in 16 patients with chronic heart failure. The repeatability coefficient and the variation coefficient were calculated for the heart rate variability parameters, in the time-domain (mean RR, SDRR and pNNSO), and in the frequency-domain: very low frequency ( < 0.04 Hz), low frequency (0.04-0.15 Hz), high frequency (0.1SO.40 Hz), total power ( O S H z ) .
1. In patients with chronic heart failure, heart rate variability is reduced with relative preservation of very-low-frequency power ( < 0.04 Hz). Heart rate variability has been measured without acceptable information on its stability and the optimal recording periods for enhancing this reproducibility. 2. To this aim and to establish the optimal length of recording for the evaluation of the very-low-frequency power, we analysed 40, 20, 10 and 5min ECG recordings obtained on two separate occasions in 16 patients with chronic heart failure. The repeatability coefficient and the variation coefficient were calculated for the heart rate variability parameters, in the time-domain (mean RR, SDRR and pNNSO), and in the frequency-domain: very low frequency ( < 0.04 Hz), low frequency (0.04-0.15 Hz), high frequency (0.1SO.40 Hz), total power ( O S H z ) .
3. Mean RR remained virtually identical over time (variation coefficient 8%). The reproducibility of time-domain (variation coefficient 25139%) and of spectral measures (variation coefficient 45111%) was very low. The stability of the heart rate variability parameters was only apparently improved after square root and after log transformation. 4. Very-low-frequency values derived from 5 and 10 min intervals were significantly lower than those calculated from 40 and 20 min intervals (P < 0.005).
Discrete very-low-frequency peaks were detected in 11 out of 16 patients on the first 40, 20 and 10min recording, but only in seven out of 16 when 5min segments were analysed. 5. The reproducibility of both time or frequencydomain measures of heart rate variability in patients with chronic heart failure may vary significantly.
Square root or log-transformed parameters may be considered rather than absolute units in studies assessing the influence of management on heart rate variability profile. Recordings of at least 20 min in stable, controlled conditions are to be recommended
INTRODUCTION
Chronic heart failure (CHF) is associated with an impaired autonomic control of the cardiovascular system characterized by generalized sympathetic activation, parasympathetic withdrawal and blunted baroreceptor responses [ 1-41. These abnormalities predict a poor prognosis in CHF and may contribute to the further progression of disease [5, 61.
The analysis of heart rate variability (HRV) is a useful and reliable method of investigating autonomic control of the heart [7, 81. In patients with CHF there is a marked diminution of all markers of HRV with the development of an altered pattern of spectral frequencies [9-111.
The two wellcharacterized rhythms of RR interval variability, i.e. low-frequency (LF, approximately 0.10 Hz) and high-frequency (HF, approximately 0.25 Hz) rhythms, are suppressed and slower oscillations in HRV (below 0.04Hz) have been described and are relatively preserved in CHF [9] . It is still not clear, however, whether these changes reflect sympathovagal imbalance or primarily reflect the degree of left ventricular dysfunction. In particular, although this so-called very-low-frequency (VLF) rhythm may carry important clinical information, the regulatory mechanisms responsible for its genesis are poorly understood [9, 11, 121. Since VLF oscillations consist of longer cycles ( > 30 s), conventional 3-5 min periods of recording may not be of adequate length to investigate the VLF band in detail. There are, however, no data available regarding the optimal time of the ECG recording necessary for the appropriate evaluation of VLF rhythms. Relatively few studies have reported HRV measures derived from Holter recordings to be of acceptable reproducibility in patients with CHF [13, The present study was therefore designed in patients with moderate to severe CHF to quantify the reproducibility of HRV measures derived from short-term recordings during stable, controlled conditions, and to establish the optimal length of recording necessary for maximizing the reproducibility of LF and H F peaks and to enable the adequate investigation of VLF peaks.
METHODS

Patients
Sixteen patients (all men, mean age: 61 +6years) with CHF (New York Heart Association class II-111) were included in the study. The aetiology of CHF was idiopathic dilated cardiomyopathy in three patients and ischaemic heart disease in 13 patients. Left ventricular ejection fraction, measured by radionuclide ventriculography [mean 29 5-10 (range 14-45)%], and peak oxygen consumption [mean 205-5 (range 8-32) ml min-' kg-'1 were both moderately to severely impaired. Patients remained clinically stable for 2 months preceding the study and none was assessed within 6months of an acute coronary event. All were in a stable sinus rhythm. Exclusion criteria included significant renal dysfunction, diabetes mellitus or autonomic neuropathy. All patients were on stable medication for control of CHF symptoms but none was treated with P-blockers or antiarrhythmic drugs. The study protocol was carried out in accordance with the Declaration of Helsinki of the World Medical Association and was approved by the local ethics committee. All subjects gave their informed consent.
Protocol
Patients were studied on two separate occasions 7-56days apart (mean 25+ 13 days). They were regularly screened and followed up in our outpatients department every 1-2 months; they remained on stable therapy, without any clinical deterioration or significant changes in CHF symptoms. In seven patients, in addition to clinical assessment, cardiopulmonary exercise testing and echocardiography were performed on the 2days of recordings: no significant changes were seen.
The HRV tests were performed at the same time of the day (10-12.00hours); no smoking or caffeine consumption were permitted on that day. After a period of rest in the supine position, in a quiet comfortable room, 60 min simultaneous recordings of ECG (standard ECG leads ensuring a prominent R wave) and respiratory signal (impedance plethysmography) during spontaneous breathing were obtained for each subject. Patients were asked to relax but not to fall asleep.
Data acquisition
A computer program, described in detail previously [21] , acquired the ECG signal sampled at 1OOOHz and the respiratory signal sampled at the frequency of heart rate, i.e. each electrocardiographic R wave, throughout, to obtain digitized RR intervals and respiratory files. RR interval series were pre-processed: ectopics were identified and removed, and detrending was performed.
HRV analysis
In all patients, stationary 60 min intervals were included in the HRV analysis. From these recordings, after excluding the first 300 RR intervals, 5, 10, 20 and 40min segments were selected for the analysis and HRV parameters were calculated within these sections.
Time-domain analysis. The following time-domain measures of HRV were calculated: mean RR (mean of all normal RR intervals), SDRR (SD of all normal RR intervals) and pNN5O (percentage of adjacent normal RR intervals more than 50ms different).
Frequencydomain analysis. Autoregressive power spectral analysis was applied to RR interval and respiratory signals, using a model order of 15 [21] . After decomposition, the following components of the RR spectral distribution were identified VLF (<0.04Hz), LF (0.04-0.15Hz) and H F (0.15-0.40 Hz) bands. In order to distinguish between signal and noise only, components above 5% of total variability were considered for analysis. VLF power was quantified as the power of the RRinterval spectrum within the frequency band 0-0.04 Hz after removing the 0 Hz component. The areas below each peak as well as the total power (TP; 0 4 . 5 Hz) were calculated and expressed in ms2.
To correct for the skewed distribution, as proposed previously [14, [22] [23] [24] , we computed the natural logarithm of the following HRV measures: pNN50, TP, VLF, LF and HF; since log transformation is applicable only for positive values (parameters > 0), the log (1 + x) function was applied. We also computed the square root of the spectral measures (TP, VLF, LF and HF)
Statistical analysis
Data are given as meansfSD. For each variable a paired t-test was used to compare the mean measurement on the first recording with that on the second recording. The reproducibility over time of the HRV measures was evaluated by calculating the mean of differences between two measurements and by the repeatability coefficient (RC) and the variation coefficient (VC), according to the recommendations of Bland and Altman [25]. RC was defined as twice the SD of the differences between paired measurements, and VC as the SD of the differences between paired measurements divided by their average expressed as a percentage [26] . The HRV parameters within 5, 10, 20 and 40min intervals of each recording were also compared with analysis of variance and pairwise comparisons with Fisher's and Scheffe's tests, considering a level of P<O.O5 as significant.
RESULTS
No significant differences were observed for any HRV parameters studied between the 2 days of measurements, in any of the time intervals considered (Tables 1, 2, 3 and 4) .
Reproducibility of RR interval
The mean value of the RR interval remained virtually identical over time between the two recordings, with VC values for 40, 20, 10 and 5min intervals >8.3% (Table 1, Fig. 1 ).
Timedomain parameters
SDRR values remained stable over the intermeasurement period but were only moderately reproducible with VC values ranging from 25.3% to 30.2% (Table 1, Fig. 1 ). Although the means of absolute values of pNN5O did not differ between the two recordings, the reproducibility of this index was very poor with VC values around 100%; similar VC values were observed after log transformation of pNN50 (Table 1, Fig. 1 ). The duration of the recordings did not affect the reproducibility of the time-domain indices considered no differences in the reproducibility were observed among different time intervals (40, 20, 10 or 5min).
Frequencydomain parameters
Although the spectral measures of HRV did not change significantly over the period between recordings, when expressed in absolute units (ms2) they showed a very poor reproducibility with VC values in excess of 45 (45-111)% for all indexes (Table 2) ( Fig. 2) . Log-transformed ( Table 3 ) and square root ( 
F Analysis of the VLF band
There was a trend suggesting that the shorter the duration of recording the lower the power detectable within the VLF band and TP, a feature which was not observed within the LF and HF bands (Tables 2, Fig. 3) . Values of VLF derived from 5min intervals were significantly lower than these indices calculated from 40 min (decrease of -36.3%, P <0.0001), from 20 min (decrease -33.2%, P < O.OOOl), or from 10 min (decrease -18.6%, In 11 out of 16 patients a discrete peak within the VLF band was detectable on the first 40, 20 and 10 min recordings. VLF peaks were still present in nine of these 11 patients on the second recording of the same duration. However, when 5min segments were analysed, only seven patients revealed a discrete VLF peak on the first recording, and only six on the second recording.
DISCUSSION
The results of our study indicate that in patients with stable moderate to severe CHF, the reproducibility of HRV measures is low and at least 20min recordings in stable, controlled conditions are recommended to optimize signal acquisition.
The mean RR interval was found to be remarkably stable over the period between the two recordings (1-8 weeks), indicating that mean heart rate recorded during controlled conditions in patients with CHF remains highly reproducible, with a VC Two indices of time-domain HRV measures were investigated (SDRR and pNNSO), which reflect two different phenomena related to the fluctuations in RR intervals. SDRR is derived from a file of interbeat RR cycles and expresses the amount of c 10%.
variability around the mean heart rate. Being a measure of total variance in the heart rate, SDRR is influenced both by short-term (mainly related to vagal activity) or long-term (related to sympathetic activity but also to other factors) changes in heart rate [27] . A high reproducibility of SDRR calculated from Holter recordings in normal subjects [28], patients after myocardial infarction [28] and with stable CHF [13, 141 has been reported. Although SDRR remained unchanged over the study period in our patients with CHF, its reproducibility was rather modest with a VC in the range of 25-30% ( Table 1) . The calculation of pNN50 is based on comparisons between lengths of adjacent RR intervals and therefore reflects short-lasting trends in heart rate (predominantly vagal tone) [27] . Poor reproducibility of pNN5O was found in our study also after logarithmic transformation (Table  l) , confirming a previous observation [14] : this has been attributed to the skewed distribution of this index and to a strong dependence on accurate classification of all QRS complexes. Since pNN50 has been widely used as an index of vagal activity [27, 301, it should be therefore remembered that its stability in patients with CHF may be questioned.
We therefore evaluated the reproducibility of spectral indices of HRV in patients with CHF HF, LF and VLF. The LF and H F components of the RR interval spectrum are traditionally considered as markers of sympathetic or vagal influences on the heart rate [7, 8, 271. However, in patients with advanced stages of CHF and severe sympathoexcitation, such an approach may be misleading. These patients exhibit a different pattern of HRV spectra characterized not only by a reduction in HF power but also in LF power, which in some cases falls to TP and VLF reflect respectively the total variance of the heart rate fluctuations and that of slow rhythms with a cycle length longer than 30s. They may be influenced by many factors apart from autonomic balance such as thermoregulation, neurohormonal systems or chemoreceptors [27] . Interestingly, some patients with CHF had a discrete peak within the VLF band, the origin of which remains unknown. However, HRV power below 0.04 Hz, derived from Holter recordings, has been shown to be reproducible and is one of the strongest predictors of poor outcome in patients after myocardial infarction [27, 31, 321 . It should be remembered that ambulatory ECG recordings are not the most reliable for the study of HRV because stationary conditions are unlikely to be met and infrequent, non-physiological changes may create a band of noise merging with other signals, which is of particular importance in assessing VLF. There are no studies investigating either the reproducibility or optimal duration of the ECG recording necessary for appropriate evaluation of VLF during stable laboratory conditions.
Our study revealed a low reproducibility of spectral measures in patients with CHF, even when recorded in stable laboratory conditions (Table 2) . Several authors have applied the log transformation for symmetrizing the skewed distribution of all components of the RR interval spectrum, a prerequisite for parametric statistical analyses; spectral parameters of HRV, assessed after log transformation, showed high correlation coefficients [14, 23, 24, 271 . Log transformation has resulted in a widely accepted calculation and expression of HRV parameters derived either from 24h ambulatory ECG recordings or from short-term stationary, laboratory recordings [ll] . Also in our study, logarithmic and square root transformations determined an apparently greater stability of HRV indices, but VC values for the LF and H F were still above 20% (Tables 3 and 4) . However, it is well known that a mathematical a posteriori modification of obtained measures cannot affect the reproducibility of the HRV indices, only the expression.
Freed et al. [23] observed a high reproducibility of the spectral parameters expressed after log transformation during short-term recordings but in patients without heart failure (VC range was 6-15%). Four patients were on cardiovascular drugs (8-blockers, calcium channel blockers, digoxin) which could have affected the spectral measurements. Stein et al. [14] analysed the stability of HRV indices in patients with CHF during long-term (24 h) recordings using the correlation coefficient method. This method may be inappropriate because it measures the strength of a relation between variables and not the agreement between them [25]. Data which can produce quite high correlations may be in poor agreement; for example, in our data the correlation coefficient for the ln-pNN5O was high (> 0.80), while the VC was very poor (around Bigger et al. [29] , from 24 h Holter tape, assessed the stability of power spectral components in 40 patients after myocardial infarction and with ventricular arrhythmias: they also considered the logtransformed measures, and the correlation coefficients were measured. By assessing the standard error of measurements, a good stability of spectral measurements was detected in the group of patients studied. However, the drug treatments administered to the cardiac patients may have modified the stationarity of the measurements.
We observed a trend towards a decrease in VLF and TP within recordings of shorter duration (i.e. 10 and 5 min). Although reproducible, VLF power, and consequently TP power, derived from 5 and 10min intervals were significantly lower than when calculated from either 20 or 40min recordings. In addition, in 11 patients who had a discrete VLF peak on 40min recording, this peak could be still found when 20 and 10min but not when 5min segments were analysed. We therefore could conclude that for appropriate VLF assessment, recordings of at least 20 min are necessary.
It is known that the greatest power of HRV is in the ultra-low frequency range ( c 0.003 Hz) when prolonged (e.g. 24 h) recordings are taken. This socalled llf power, with increasing power whenever lower frequencies are studied, is well known, and reflects non-periodic and diurnal rhythms. This phenomenon explains some of the increase in power in the VLF band with increasing duration of recording, but does not explain the impaired detection of discrete peaks of oscillations in the VLF region. These VLF peaks are the subject of increasing interest, and may reflect a physiological harmonic oscillation of the components of the carotid chemoreceptors (P. Ponikowski, T. P. Chua, M. Piepoli and A. J. S. Coats, unpublished work). Given these findings an improved specific detection of VLF rhythms would be very useful. A good reproducibility is essential for maximal utility in clinical research. There is an inverse relationship between the number of subjects needed in a clinical trial and the square of reproducibility of any parameter [20] . For a VC of lo%, a crossover trial would require 10 subjects to prove a 10% change in the HRV measurement. With a VC of 20% (as seen with ln-LF and ln-HF power), 40 subjects would be needed, and with a VC of loo%, as seen for pNN50, 1000 subjects would be needed.
In conclusion, this study shows that a good reproducibility of either time-or frequency-domain measures of HRV in patients with CHF cannot be taken for granted. For the evaluation of VLF, 5 or 10 min recording intervals are inadequate and may lead to the discrete VLF peaks being missed. We conclude, therefore, that recordings of at least 20min in stable, controlled conditions should be recommended. 100%).
